The hindbrain of larval zebrafish contains a relatively simple ground plan in which the neurons throughout it are arranged into stripes that represent broad neuronal classes that differ in transmitter identity, morphology, and transcription factor expression. Within the stripes, neurons are stacked continuously according to age as well as structural and functional properties, such as axonal extent, input resistance, and the speed at which they are recruited during movements. Here we address the question of how particular networks among the many different sensory-motor networks in hindbrain arise from such an orderly plan. We use a combination of transgenic lines and pairwise patch recording to identify excitatory and inhibitory interneurons in the hindbrain network for escape behaviors initiated by the Mauthner cell. We map this network onto the ground plan to show that an individual hindbrain network is built by drawing components in predictable ways from the underlying broad patterning of cell types stacked within stripes according to their age and structural and functional properties. Many different specialized hindbrain networks may arise similarly from a simple early patterning.
Results
Retrograde Labeling of Interneurons. We set out to identify the locations of neuronal candidates for a role in the Mauthner escape network in zebrafish by backfilling them by injections of fluorescent dyes (Alexa 647 or Texas Red) targeted to regions of the M-cell on the basis of the innervation patterns of neurons in the network known from goldfish, which is diagrammed in Fig. 1 (5) . These backfills were performed in a transgenic line, Tg(glyt2: GFP), in which the neurons in glycinergic stripes can be visualized by GFP expression (Fig. 1 A1-A3 ). Here we organize these backfilling data from sensory processing to motor output components of the escape circuit.
A balance between direct sensory excitation of the M-cell and a feed-forward inhibition regulates Mauthner firing and the initiation of the escape response ( Fig. 1A4) (5, 9, 10) . To localize potential glycinergic feedforward inhibitory neurons, we electroporated a red dye onto the cell body of one of the two M-cells in the line with GFP labeled glycinergic neurons [Tg(glyt2:GFP)] and looked for contralateral neurons that were both red (backfilled) and green (glycinergic/GFP) ( Fig. 1B1 ; n = 8 fish). Nearly all of the colabeled neurons were located in the most lateral of the three glycine stripes ( Fig. 1 B2 and B3 ; 64 of 66 cells) in hindbrain segment (rhombomere) 4 ( Fig. 1 B2-B4 ), the segment that contains the M-cell body. The colabeled neurons were largely located in the ventral portion of the stripe ( Fig. 1B3 ; 57 of 64 cells).
Another less-well-studied interneuron thought to play a role in sensory processing in the network is the spiral fiber neuron (Fig. 1 A4 and C) (11, 12) . To identify potential spiral fiber neurons in zebrafish, we electroporated Alexa 647 or Texas Red into the axon cap of the M-cell in Tg(GlyT2:GFP) fish and screened for contralateral GFP-negative neurons that were filled with the red dye ( Fig. 1C1 ; n = 4 fish). Almost all of these were located in rhombomere 3 between the medial and middle of the three glycinergic stripes, at their ventral ends ( Fig. 1 C2 and C3 ; 67 of 68 cells). The middle of the three glutamatergic stripes is located in this region between the medial and the middle glycinergic stripes, suggesting that the spiral fiber neurons are located in the ventral part of the middle glutamatergic stripe.
The outputs of the M-cell in hindbrain are relayed to other neurons via an interneuron called a cranial relay neuron that is monosynaptically activated by the M-cell (13) (14) (15) . To locate cranial relay (also called T-reticular) neurons in zebrafish, we backfilled from the medial longitudinal fasciculus in rhombomere 8, where the axons of these neurons run, and looked for red, GFP-negative neurons caudal to rhombomere 6 on the contralateral side in the Tg(glyt2:GFP) line (Fig. 1D1) . Most of the backfilled neurons were located ventrally near the middle and the lateral glycinergic stripes (Fig. 1 D2-D8 ; 48 of 51 cells).
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1012189108/-/DCSupplemental. larvae by electroporating red dye into the axon cap (initial segment) of the M-cell in the transgenic line containing GFPlabeled glycinergic neurons and then searching for the ipsilateral glycinergic neurons that were both red and green ( Fig. 1E1 ; n = 4 fish). All of the colabeled glycinergic neurons ipsilateral to the backfill were located ventrally among the most medial glycinergic neurons ( Fig. 1 E2 and E3 ; 15 neurons) and were in rhombomere 5, caudal to the M-cell (Fig. 1E4) .
This backfilling served to identify candidate neurons in the Mcell network for patch recording, so we could both fill them with dye to examine their structure relative to neurons in the associated stripes and explore their connectivity and pharmacology in pairwise patch recording experiments to verify their roles in the network and map firmly identified neurons onto the hindbrain patterning.
Feedforward Glycinergic Neurons. To study the structure and connectivity of putative feedforward inhibitory neurons, we conducted a series of pairwise patch recordings from the M-cell and from GFP-positive interneurons in the Tg(glyt2:GFP) line that were located in the region of the candidate feedforward neurons identified by backfilling (Fig. 2A1) . We found 17 glycinergic neurons that when activated produced inhibitory postsynaptic potentials (IPSPs) in the ipsilateral M-cell but were not activated in response to firing of the M-cell by current injection ( Fig. 2 A2 and A3) . Activation of the M-cell did lead to weak subthreshold PSPs in these neurons ( Fig. 2A3 ; n = 17 pairs). The pathway mediating these PSPs and the role of these connections onto the putative feedforward neurons are unknown. Firing the glycinergic neurons led to short-latency IPSPs (0.32 ± 0.10 ms, n = 17 pairs) in the M-cell, which were most visible when the membrane potential of M-cell was depolarized or hyperpolarized ( Fig. 2A2) , suggesting that the reversal potential was close to the resting membrane potential of the M-cell (−79.5 ± 1.8 mV, n = 17, junction potential corrected). The IPSPs were blocked by a glycinergic blocker ( Fig. 2A2 ; strychnine, 1 μM, n = 10 pairs). The soma of the glycinergic neuron whose physiology is shown in Fig. 2 A2-A4 was located in the ventral part of the lateral glycinergic stripe, close to the lateral dendrite of the M-cell ( Fig. 2 A5 and A6). Consistent with the short latency of IPSPs observed in the M-cell, the axon coming from this neuron had puncta directly apposed to the cell body of the M-cell. This neuron also had both an ipsilateral descending projection as well as a projection to the contralateral hindbrain that approached the other M-cell and then extended further rostrocaudally from there.
To represent the location of all of the feedforward glycinergic neurons identified physiologically, we registered the confocal image stacks from different fish onto a template image stack of the Tg (glyt2:GFP) line. As shown in Fig. 2 B1 and B2 , all of the functionally identified feedforward inhibitory neurons were located in the ventral part of the lateral glycinergic stripe at rhombomere 4.
To confirm that the glycinergic neurons in this region actually receive sensory inputs, we used dye electroporations into auditory and facial nuclei and found that they innervate the region containing cell bodies of the identified glycinergic neurons, although their afferent terminations were somewhat separate within this region. We then tested whether the glycinergic neurons receive excitatory input from the auditory nerve by stimulating the auditory nerve while doing pairwise patch recordings (n = 6 pairs; Fig.  2A4 ) from the M-cell and the interneuron. The stimulus evoked an action potential in these glycinergic neurons at strengths at which the M-cell only showed subthreshold PSPs (4/6), indicating an input pattern consistent with a feedforward identity.
We reconstructed all of the recorded neurons to examine their ipsilateral and contralateral projections and then quantified the extent of these projections in rostral and caudal directions (Fig.  2C) . All of the neurons had ipsilateral descending and/or ascending projections and axons that crossed to the contralateral hindbrain, where they formed relatively long ascending and/or descending branches (n = 17). All of these neurons also had an axon close to the contralateral M-cell, suggesting bilateral M-cell connections as in goldfish. The inhibitory inputs to the contralateral M-cell were confirmed by pairwise patch recordings from an interneuron and a contralateral M-cell in separate experiments (n = 3 pairs). We conclude that these are indeed feedforward glycinergic neurons; they are located ventrally among the oldest cells in the lateral glycinergic stripe, and they have the ipsilateral and contralateral projections characteristic of neurons stochastically labeled from many different locations in this stripe in our previous work (2). Spiral Fiber Neurons. Paired patch recordings from the M-cell and contralateral GFP-negative cells in the Tg(glyt2:GFP) in the region containing putative spiral fiber neurons led to the identification of 10 GFP-negative neurons that had excitatory connections with the contralateral M-cell, characteristic of spiral fiber neurons (Fig. 3A1) (11) . The majority of these neurons produced biphasic excitatory postsynaptic potentials (EPSPs) in the contralateral M-cell ( Fig. 3A2 ; n = 9 of 10 pairs), with a short latency (peak to peak, 0.24 ± 0.03 ms, n = 10 pairs). The later component in the EPSP was blocked by glutamatergic blockers [ Fig. 3A2 ; 10 μM 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) and 50 μM D-(−)-2-Amino-5-phosphonopentanoic acid (D-AP5), n = 4 pairs), suggesting this slower component was glutamatergic. Injection of negative current pulses into one cell led to a hyperpolarizing response in the other neuron (n = 8 pairs), and the fastest early component of the PSP was resistant to highfrequency firing over 100 Hz (n = 6 pairs). Both of these observations indicate that the fast component was probably an electrical synapse mediated by gap junctions. An action potential in the Mcell only led to subthreshold PSPs in SFNs ( Fig. 3A3 ; n = 10 pairs); the pathway mediating these PSPs and its functional role are unknown.
The neuron shown in Fig. 3 A2 and A3 , like all physiologically identified spiral fiber neurons, was located in rhombomere 3 between the medial and the middle glycinergic stripes, where the middle glutamatergic stripe is located (Fig. 3 A4, A5 , B1, and B2; n = 8). To confirm their location in the middle glutamatergic stripe, we backfilled the neurons in transgenic fish [Tg(vglut2a: GFP)] in which the glutamatergic neurons are labeled with GFP, and found that the neurons were indeed in the middle glutamatergic stripe (Fig. 3C1) . We also tested whether the neurons were in the dbx1b transcription factor stripe (dbx1b marks the middle glutamatergic and glycinergic stripes) by backfilling the spiral fiber neurons in fish from a cross of a dbx1b:cre line with a line in which the vesicular glutamate transporter drives expression of floxed red fluorescent protein, with GFP downstream. This cross produces fish in which the glutamatergic neurons that are also dbx1b positive are green and the other glutamatergic neurons are red. The spiral fiber neurons were in the ventral part of the dbx1b-positive middle glutamatergic stripe ( Fig. 3C2 ; n = 4 fish, 75 of 77 cells). For reasons we do not understand, although they were in the glutamatergic stripe, they were not stained red in the glutamatergic transgenic line. The pharmacology of their synaptic connections, however, supported the conclusion that they are glutamatergic. Reconstructions of all of the patched neurons (n = 8) showed that they had only contralateral and descending axonal projections running directly into the axon cap of the contralateral Mcell, with a characteristic axonal elaboration inside the cap (Fig.  3 D1 and D2) . In summary, the evidence shows that the spiral fiber neurons are located ventrally in the middle glutamatergic stripes and have contralateral projections like those of neurons in the adjacent middle glycinergic stripe.
Cranial Relay Neurons. We conducted pairwise patch recordings between the M-cell and GFP-negative neurons in the Tg(glyt2: GFP) line in the region of putative cranial relay neurons and found 10 GFP-negative neurons that fired in response to the M-cell's activation and whose activation led to (polysynaptic) IPSPs in the M-cell (Fig. 4 A1-A3 ).These neurons fired an action potential in response to the activation of the M-cell ( Fig. 4A2 ; n = 10 pairs) with a short latency (onset of EPSP: 0.15 ± 0.09 ms; peak of action potential: 0.70 ± 0.31 ms, n = 10 pairs). A single action potential in a contralateral neuron in this class led to a longer latency, presumably polysynaptic, IPSP in the M-cell (1.60 ± 0.28 ms, n = 7 pairs; Fig. 4A3 ). This IPSP was blocked by a cholinergic blocker (Fig. 4A3 , Right, mecamylamine, 100 μM; n = 5 pairs), as well as a glycinergic blocker (strychnine, 1 μM; n = 3 pairs), suggesting that this class may excite glycinergic neurons via cholinergic transmission and the glycinergic neurons in turn feedback to inhibit the M-cell. Consistent with this possibility, the recorded putative cranial relay neurons innervated the region where the feedback glycinergic neurons were located (Fig. 4 A4-A6 ; n = 10).
These cranial relay neurons also exhibited extensive innervation of the contralateral hindbrain (Fig. 4A4) , including the regions where cranial motor nuclei (fifth, seventh, and 10th motor nuclei) and pectoral fin motoneurons are known to be located. We did several experiments to examine these connections. Paired recordings of an M-cell and a cranial relay neuron in the Tg(islet1:GFP) line in which motoneurons are GFP labeled (n = 3) showed that cranial relay neurons contributing to the feedback inhibition of M-cell projected to the cranial motor nuclei. Projections to the region of the pectoral fin motoneurons were confirmed morphologically by single-cell electroporation of cranial relay neurons in fish with fin motoneurons backfilled (n = 3). Finally, in the most direct approach, an excitatory connection to the fifth motor nuclei was observed electrophysiologically by paired recordings of cranial relay neurons and motoneurons in the fifth motor nuclei in the Tg(islet1:GFP) line (n = 7). The somata of the recorded neurons in this class were located below the middle or lateral glycinergic stripes, which contain neurons with commissural projections like the cranial relay neurons (Fig. 4 B1 and B2) . Compared with their extensive contralateral innervation of motor pools, these relay neurons had only short or no ipsilateral axonal/dendritic processes (Fig. 4 A4, C1 , and C2).
Feedback Glycinergic Neurons. We used pairwise recording to identify nine glycinergic, feedback-inhibitory neurons that were activated by firing the ipsilateral M-cell and had inhibitory projections back to that M-cell (Fig. 5 A1-A6) . These neurons fired an action potential in response to the M-cell's action potential (Fig. 5A2) , with a relatively long latency (3.87 ± 2.60 ms, n = 9 pairs) and produced IPSPs in the same M-cell (Fig. 5A3 ) with a short latency (0.38 ± 0.15 ms, n = 9 pairs). The IPSPs were blocked by bath application of strychnine (1 μM, n = 4 pairs), indicating they were glycinergic (Fig. 5A3) . The strychnine application completely blocked the feedback inhibition in the M-cell, suggesting that the feedback inhibition in the 4-dpf zebrafish was solely mediated by glycinergic neurons (n = 23). The IPSP amplitude in the M-cell produced by a single feedback-inhibitory neuron was smaller than the IPSP produced by firing a cranial relay neuron (Figs. 5A3 vs. 4A3), consistent with the possibility that a single cranial relay neuron activates multiple feedback-inhibitory cells.
All of the electrophysiologically identified feedback inhibitory neurons were located among the most ventral and medial glycinergic populations in rhombomere 5 ( Fig. 5 B1 and B2 ; n = 9). Because the stripe-like structure at rhombomere 5 in the glycinergic line was not always very crisp, we also examined the stripe location of the neurons by immunostaining for engrailed-1, which clearly marks the medial glycinergic stripe in other rhombomeres (2) . The feedback-inhibitory neurons identified by backfilling were in the ventral part of the engrailed-1-positive stripe ( Fig. 5C1; n = 14) . The engrailed labeling of these cells was dim (probably owing to down-regulation with age), but in single-neuron filling experiments we found engrailed-positive staining of this cell type (Fig. 5C2) .
Six of nine of these neurons had only ipsilateral ascending projections directly to the M-cell's cell body, ending at its initial segment. The other three cells had only ipsilateral and primarily ascending projections contacting the proximal part of the ventral dendrite of the M-cell (Fig. 5 D1 and D2) .We also identified four additional glycinergic neurons in the same region that had inhibitory input to the ipsilateral M-cell but did not reach firing threshold in response to M cell's activation and so were excluded from the more detailed analysis. These also had only ipsilateral ascending projections directly to the axon cap. These several lines of morphological and electrophysiological evidence show that feedback-inhibitory neurons are located ventrally among the oldest cells in the medial glycinergic stripe and have the ipsilateral and primarily ascending projections characteristic of this stripe. Their features, like those of the other neurons in the Mauthner network we examined here, thus mapped exactly as we would have predicted on the basis of the overall ground plan in hindbrain.
Discussion
Our previous work showed that there is a very orderly structural and functional patterning extending rostrocaudally throughout the hindbrain segments (rhombomeres) in zebrafish at a young age, when their motor behaviors are functional and essential for survival (2) . One important prediction from this observation is that sensory-motor networks in the hindbrain are built by drawing neurons from a simple plan in which different cell types are arranged into columns that are ordered by age as well as structural and functional properties. The organization of the Mauthner network, which includes neurons located in different rhombomeres with outputs across rhombomeres, confirms our predictions about the relationships between particular hindbrain networks and the broad neuronal patterning in hindbrain. Each of the neuronal types in the M-cell network occupies a location consistent with what one would have predicted on the basis of the overall stripe patterning in the brain, as summarized in Fig. 6 . Not only are the neurons located in stripes that correspond to their morphological and neurotransmitter phenotypes, they all lie at the ventral end of the stripes, exactly where we would predict the fastest motor behaviors to map on the basis of the continuous map of swimming speed from slow to fast as one moves from dorsal to ventral along a stripe, as we described in our previous article (2) . Here the behavior is not a rhythmic one but is the fastest motor behavior produced by the fish, and the neurons participating in it occupy the low input resistance, high threshold, fast end of the stripes, which also contain the oldest neurons. The Mauthner network thus draws neurons by stripe and position just as expected given their particular functional roles.
The hindbrain of vertebrates contains a variety of motor networks controlling sensory-motor aspects of movements of the eyes, jaws, gills, and diaphragm (5, 16, 17) . If the other networks follow the same general patterning as the Mauthner network, we predict that those neurons contributing to faster (more coarse) sensory-motor behaviors will be drawn from early differentiating cells located ventrally in those stripes that give rise to neurons with the appropriate morphological and transmitter phenotype. For example, a behavior that involves a range of movement speeds, such as eye movements, which include very fast, large saccadic movements as well as slow pursuit movements, would be expected to draw from a range of dorsoventral locations (and ages) in the stripes (16) . Those neurons driving the fast saccadic eye movements would be expected to have ventral (older) locations in stripes, with slower eye movements driven by more dorsal (younger) cells.
We do not yet know how the several other hindbrain networks in zebrafish or in any other animals map onto the overall order we describe because physiologically defining even one network 
